Cascades in the Earth's magnetosphere initiated by photons with parameters of the highest energy AGASA events by Bednarek, W
Cascades in the Earth’s magnetosphere
initiated by photons with parameters
of the highest energy AGASA events
W lodzimierz Bednarek
Department of Experimental Physics, University of  Lodz,
90-236  Lodz, ul. Pomorska 149/153, Poland
Abstract
We investigate the cascading eects of extremely high energy (EHE) photons in
the Earth’s magnetosphere assuming that photons have parameters of the highest energy
AGASA events (energies, arrival directions). For the location of the AGASA Observatory,
we determine directions on the sky from which photons can cascade with high (low)
probability. In the case of primary photons with the parameters of events observed with
energies > 1020 eV, we compute the average cascade spectra of secondary photons which
enter the Earth’s atmosphere, and their fluctuations around the average values. It is shown
that most photons with parameters of the highest energy AGASA events should initiate
cascades in the Earth’s magnetosphere with high probability. We suggest that if these
events are caused by photons with lower energies but these same arrival directions, than
due to fluctuations of the shower development in the magnetosphere and the atmosphere,
the primary energies of these events might be wrongly estimated.
1 Introduction
It is believed that the number of photons in cosmic rays at energies above 1019 eV may be
signicant from two reasons. Extremely high energy cosmic ray hadrons, when propagat-
ing through the universe, should produce many photons in collisions with the Microwave
Background Radiation [1, 2]. EHE photons can be also eciently produced from the
decay of massive particles (e.g. Higgs and gauge bosons), as predicted by some more
exotic theories (see for review [3]). Therefore investigation of the photon content in the
EHE cosmic rays can give us important information about their origin. Photons of suf-
ciently high energies may convert into e± pairs when propagating in a perpendicular
magnetic eld [4]. Such conversion of photons should also occur in the Earth’s magnetic
eld as rstly noted by McBreen & Lambert [5]. Created secondary e± pairs should pro-
duce many secondary synchrotron photons, which in turn may again convert to e± pairs.
Cascades initiated by primary photons in the Earth’s magnetosphere have been already
discussed in the general context of the photon initiated cascade theory in the Earth’s
atmosphere [6, 7, 8, 9], and also in the context of detection of high energy photons by
planned Auger Observatories [10, 11].
Dierent experiments (Volcano Ranch, Haverah Park, Yakutsk, Fly’s Eye, AGASA)
have reported 15 events with energies > 1020 eV [12, 13] and additional 7 events have been
recently announced by the HiRes experiment [14]. In the literature there are available
parameters of 47 AGASA events with energies > 4  1019 eV (between them 8 have
energies > 1020 eV) [13]. In this paper we analyse the features of cascades initiated by
photons assuming that they arrive to the Earth’s magnetosphere with parameters of the
highest energy AGASA events with energies > 5 1019 eV. Our purpose is to nd out if
photons with parameters of the AGASA events with energies > 1020 eV may not interact
with the Earth’s magnetic eld. Then these photons should produce the shower in the
atmosphere with the maximum > 1000 g cm2, due to the Landau-Pomeranchuk-Migdal
(LPM) eect, and can not be considered as particles responsible for the AGASA events.
2 Interaction of photons with the Earth’s magnetic
field
An EHE photon with energy Eγ can convert into an e
± pair in the magnetic eld B if
the value of the parameter χγ = (Eγ/2mc
2)(B/Bcr) (where Bcr  4.414  1013G and
mc2 is the electron rest mass) is high enough [4]. The secondary e± pairs can in turn
produce synchrotron photons in the magnetic eld. For the electrons with the highest
energies expected, the synchrotron photons are produced in the quantum domain and
the eciency of this process is determined by the parameter χe± = (Ee/mc
2)(B/Bcr),
and the value of the magnetic eld. The energies of synchrotron photons can be high
enough to produce the next generation of e± pairs. To have an idea for what parameters
photons can initiate cascades in the Earth’s magnetic eld, we compute the mean free
path for conversion of photons with energy Eγ into e
± pairs in a perpendicular magnetic
eld and for production of synchrotron photons by electrons (positrons) with energy Ee
in this same magnetic eld, applying the rates given by Baring [17]. In Fig. 1 we show
the results as a function of photon and electron energies in a perpendicular magnetic eld
with the strength 0.3 G (typical for the Earth’s surface at the equator). The mean free
paths for other magnetic elds can be obtained from Fig. 1 by simple linear scaling of the
present computations (shift to the left and down for stronger magnetic eld). From Fig. 1
it becomes clear that photons with energies above  3  1019 eV may convert into e±
pairs (the mean free path comparable to the Earth’s radius). The shortest mean free path
( 45 km) have photons with energies a few 1020 eV. The mean free path for production
of synchrotron photon by an electron (positron) is equal to  6 km for Ee± < 1019 eV.
These results are consistent with that ones obtained by Kasahara [8].
We conclude that photons with parameters of the highest energy events observed
in cosmic rays may convert into e± pairs in the Earth’s magnetic eld. However due to
the dipole structure of the Earth’s magnetic eld, the probability of conversion should
strongly depend on the location of the cosmic ray observatory and the arrival direction of
primary photon.
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2.1 Cascading effects of photons at location of the AGASA ar-
ray.
Before simulating propagation of photons with the highest energy AGASA events through
the Earth’s magnetosphere, we compute the proles for the perpendicular components of
the magnetic eld for dierent arrival directions to the location of the AGASA observatory
(35o47′N, 138o30′E) using the World Magnetic Model 1. The results of calculations for
dierent zenith Z and azimuth A angles (measured clockwise from the North) are shown
in Figs. 2. It is evident that photons arriving to the AGASA array from the southern
direction (the azimuths 90o < A < 270o) meet the lowest perpendicular component of the
magnetic eld. For directions within some range of the zenith angles and the azimuth
angles close to 180o (see Fig. 2), at some distances from the AGASA observatory the
perpendicular component of the magnetic eld can reach very small values since in these
places the magnetic eld is almost tangent to the path of the photon (see characteristic
cusps in Figs. 2). The magnetic eld proles determine the probability of conversion of
primary photon with specic energy into an e± pair. In Figs. 3 we show the results of
calculations of probabilities of conversions of photons with energies Eγ = 2  1020 eV,
1020 eV, and 5 1019 eV arriving to the AGASA array from dierent directions. These
probabilities strongly depend on the arrival directions and photon energies. Photons with
energies > 1020 eV should convert into e± pairs with probability equal to one if they
arrive from the northern direction for zenith angles greater than  20o. However for the
southern direction, there is a region on the sky, centered on Z  45o and A  175o (slightly
shifted from the South to the East due to the south-east Asian magnetic anomaly), where
the probability can be signicantly lower than one, even for the highest energy AGASA
events. The probabilities of photon interaction with the magnetic eld drop very fast with
photon energy. Photons with energies 5 1019 eV have a chance to arrive to the Earth’s
atmosphere without interaction even from the northern direction. For such photons the
region of low probability of interaction expends largely, containing in its center the region
with probability of interaction equal to zero.
2.2 Cascading effects of photons with parameters of the AGASA
events.
The AGASA array has registered a few tens of events with energies above 41019 eV [13].
These events, if caused by photons, may potentially initiate pre-cascades in the Earth’s
magnetosphere before developing the cascade in the Earth’s atmosphere. We use the
published parameters of the events with energies above 5  1019 eV [13] to calculate the
zenith and azimuth angles of their arrival directions (see Table 1). Knowing that we can
simulate the cascades initiated by photons with the parameters of these events in the
Earth’s magnetosphere. The probabilities of cascading of specic events (averaged over
104 simulations) and the numbers of secondary photons with energies > 1017 eV (averaged
over 200 simulations), arriving to the distance of 20 km from the Earth’s surface, are shown
in the fth and sixth column in Table 1. The distance of the rst interaction of primary
photon with the magnetic eld is usually closer to the detector than one Earth’s radius
and the most probable place of the rst interaction lays not farther than  2500 km from
1available through: www.ngdc.noaa.gov
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the observatory (see Fig. 4).
It is interesting to note that the AGASA events with energies > 1020 eV tend to
arrive from the southern site of the sky (their directions marked by crosses in Figs. 3), i.e
from the part of the sky where the probabilities of photon conversion into an e± pair are
the lowest. However in spite of this, our simulations show that photons with parameters of
these events should cascade eciently in the Earth’s magnetic eld. The probabilities of
photon conversion are equal or close to one in the case of six events and are still relatively
high in the case of remaining two. This result is in contrary to the opinion [12] that
photons with parameters of the AGASA events with energy > 1020 eV will not convert
into e± pairs. Three AGASA events with energies 9 1019 eV seems to behave similarly
to the events with energies > 1020 eV (see Table 1).
The situation with lower energy events, i.e. events with energies (5−8)1019 eV is
dierent (there are no events with energies in the range (8− 9) 1019 eV). Their arrival
directions look isotropic in the azimuth since nine among these twenty events arrive from
the southern hemisphere and eleven from the northern. Only these events which arrive
from the northern hemisphere cascade with high probability (Table 1). For example,
two AGASA events with these same energies 5.53  1019 eV (91/05/31 and 92/02/01),
but arriving from the northern and southern directions should cascade with completely
dierent probability (equal to 0.935 and 0.005, respectively).
In Table 1 we also report the number of secondary photons with energies > 1017 eV
produced in these cascades. These secondary photons, which carry most of the energy of
primary photon, fall onto the Earth’s atmosphere within a very small cone with the radius
of a few tens of centimeters, developing electromagnetic showers which in fact cannot be
distinguished from a single shower by cosmic ray detectors. The secondary electrons and
positrons, produced in the cascade initiated by primary photon, carry only a few percent
of the primary photon energy and so their contribution to the cascade in the atmosphere
is negligible.
We investigate also the spectra of secondary cascade photons, produced in the mag-
netic eld by primary photons with parameters of the AGASA events with energies > 1020
eV, and fluctuations of these spectra in respect to the average spectrum obtained based on
200 simulations. In Fig. 5 we show the histograms with the numbers of secondary photons
within the specic energy range (N = Nγ/(logEγ)), which arrive to the atmosphere
(i.e. at the distance 20 km from the surface). Specic simulations (selected from 200)
with the lowest and the largest numbers of secondary photons are marked by the dotted
and dashed histograms. In the case of three AGASA events with energies: 2.13  1020
eV, 1.341020 eV, and 1.041020 eV, all 200 simulated photons converted into e± pairs.
The fluctuations between dierent simulations in the number of secondary photons with
energies > 1015 eV may be as high as a factor of 2-3 around the average values. However
these fluctuations mainly concern the lower energy secondary photons and therefore do
not have big influence on the development of cascades in the atmosphere. The fluctua-
tions in the location of the maximum in the averaged spectrum are more important since
this maximum is usually located close or just above  1019 eV. Above this energy the
LPM eect becomes important on their further cascading in the atmosphere. The fluctu-
ations of the location of the maximum strongly depend on the considered AGASA event.
They are only by a factor of two in the case of events with energies 2.13  1020 eV and
1.34 1020 eV. However they can be as high as a factor of four for the event with energy
1.04 1020 eV. In the case of remaining ve events, the primary photons usually convert
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into e± pairs with probability lower than one. These primary photons which converted,
initiate cascades in which the spectra of secondary photons, arriving to the atmosphere,
have the maximum close to  1019 eV. In fact primary photons with parameters of these
events may even not cascade at all on their way through the magnetosphere. However this
possibility occurs rather rare since all these events, accept the event with energy 1.21020
eV, cascade with probability greater than a half.
Fig 5 shows clearly, that in most cases, we should expect that primary photons with
parameters of the AGASA events with energies > 1020 eV arrive to the atmosphere as a
bunch of lower energy secondary photons with mean energy close to 1019 eV. Therefore
these primary photons should initiate cascades in the Earth’s atmosphere which are not
very influenced by the LPM eect [15, 16]. The LPM eect is responsible for large fluc-
tuations in the atmosphere of showers which are induced by photons with energies above
a few 1019 eV, as recently veried in the Monte Carlo simulations based on the Cosmos
code [8] and AIRES program [11]. Also the depth of the maximum of showers simulated
with the LPM eect is much deeper in the atmosphere than in the case of showers without
the LPM eect. That’s why it is generally expected that the showers in the atmosphere
initiated by EHE photons with energies above a few 1019 eV should be easily distinguished
from these ones induced by hadrons. However, as we noted above, primary photons with
parameters of the AGASA events with energies above > 1020 eV pre-cascade in the mag-
netosphere usually with high probability and therefore, produced bunches of secondary
photons arrive to the atmosphere with energies which are not signicantly influenced by
the LPM eect during their farther cascading in the atmosphere. The depths of maxi-
mum of showers induced by photons with energies  1019 eV (equal to  900 g cm2) do
not dier signicantly from the depths of maximum of showers induced by protons with
energies of AGASA events [11]. We conclude, the hypothesis that photons are responsible
for some AGASA events with energies > 1020 eV can not be at present excluded.
Photons with parameters of the lower energy AGASA events < 8 1019 eV, which
arrive from the southern hemisphere, do not cascade in the Earth’s magnetosphere or
cascade with low probability (Table 1). The cascades initiated in the atmosphere by these
primary photons, which do not suer pre-cascading in the magnetosphere, are influenced
to large fluctuations due to the LPM eect. Hence these showers may have the maximum
even deeper in the atmosphere than showers initiated by photons with signicantly higher
energies which pre-cascade in the magnetosphere.
2.3 Cascading effects of photons with reduced energies of the
AGASA events
The above conclusion suggests that also photons with the arrival directions of AGASA
events with energies > 1020 eV, but with energies reduced by a factor of two or three from
values estimated by AGASA group, should arrive to the atmosphere without pre-cascading
in the magnetosphere. To check this we simulate the cascades initiated by primary photons
with parameters of these highest energy AGASA events but with energies reduced by a
factor of two and three. It is found that the probability of conversion of such photons
becomes signicantly lower and only in one case (the event 94/07/06) is still greater than
a half (see columns seven and eight in Table 1).
To have an idea how changes the average spectrum of secondary photons produced
by primary photons with reduced energies, in Fig. 6 we show the spectra of secondary
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photons for two AGASA events 93/12/03 and 96/01/11 initiated by primary photons
with originally estimated energy of primary particle by AGASA group and with energies
reduced by a factor of two and three. For both events, the average energies of secondary
photons are higher in the case of primary photons with reduced energies when compared
with the average energies of secondary photons produced by primary photons with energies
originally estimated by AGASA group (2.13 1020 eV and 1.44 1020 eV). Therefore we
conclude that the highest energy AGASA events with reduced energies by a factor of two
or three are more sensitive on fluctuations during cascading in the atmosphere because of
larger influence of the LPM eect on the development of showers initiated by secondary
photons with the higher energies. We suggest that due to these fluctuations, which are
not taken into account in the analysis of the AGASA events, the energies of some AGASA
events in the range (5− 8) 1019 eV, which arrive from the southern hemisphere may be
wrongly estimated. They can be misinterpreted as events with energies > 9 1019 eV.
3 Conclusion
We found that photons with the parameters of the highest energy AGASA events (> 1020
eV) should eciently pre-cascade in the Earth’s magnetosphere in spite of this that most
of them arrive from the southern hemisphere where the perpendicular component of the
magnetic eld is the lowest. Photons with parameters of the lower energy AGASA events,
(5− 8) 1019 eV, cascade eciently when arriving from the northern hemisphere. They
usually do not cascade (or cascade with low probability) when arriving from the southern
hemisphere.
It is interesting that primary photons arriving from the southern direction with
energies < 81019 eV should not cascade (or cascade with low probability). They fall onto
the atmosphere with on average higher energies than the secondary photons from cascades
initiated in the Earth’s magnetosphere by primary photons with energies > 9 1019 eV.
Therefore lower energy primary photons should initiate showers in the atmosphere which
strongly fluctuate due to the LPM eect. We suggest that these eects may influence
the estimation of energies of showers if their progenitors are photons provided that they
arrive from the southern direction. This suggestion is consistent with the tendency that
higher energy AGASA events (> 1020 eV) tend to arrive from the southern hemisphere
which is not the case of the lower energy events (< 81019 eV) which arrival distribution
in the azimuth is uniform.
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Figure 1: The mean free paths for conversion of photon with energy Eγ into an e
± pair
(full curve) and for production of synchrotron photon by an electron (positron) with
energy Ee± in the perpendicular magnetic eld with the strenght 0.3 G as a function of
their energies.
Figure 2: Magnetic eld proles along the direction of motion of EHE photons, dened
by the azimuth A and the zenith Z angles, at location of the AGASA Observatory (the
distance measured in units of the radius of the Earth Rz). The left gure shows the
magnetic eld proles as a function of the zenith angle: Z = 0o (full); A = 0o, and
Z = 30o (dotted), and Z = 60o (dashed); and A = 180o, and Z = 30o (dot-dashed),
and Z = 60o (dot-dot-dot-dashed), and the right gure for Z = 45o as a function of
azimuth angle; A = 0o (full), 45o (dotted), 90o (dashed), 135o (dot-dashed), and 180o
(dot-dot-dot-dashed).
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Table 1: Probabilities of photon interaction.
shower Eγ Z A P(Eγ) Nγ(> 10
17eV) P(Eγ/2) P(Eγ/3)
93/12/03 2.13 22.9o 218o 1.00 99.0 0.80 0.27
94/07/06 1.34 35.4o 55o 1.00 89.8 0.975 0.68
99/09/22 1.04 36.7o 279o 1.00 76.6 0.715 0.30
96/01/11 1.44 14.1o 196o 0.98 71.2 0.29 0.06
96/10/22 1.05 33.2o 108o 0.97 69.5 0.185 0.035
93/01/12 1.01 33.2o 235o 0.96 65.7 0.165 0.02
97/03/30 1.50 44.2o 201o 0.705 50.1 0.02 0.0
98/06/12 1.20 27.3o 153o 0.465 28.9 0.01 0.0
84/12/17 0.98 30.4o 64o 1.00 73.4
92/09/13 0.93 25.6o 122o 0.65 33.0
91/11/29 0.91 45.0o 178o 0.05 1.4
95/01/26 0.776 23.7o 341o 1.00 65.5
99/07/28 0.716 39.1o 48o 0.995 61.6
99/01/22 0.753 44.7o 125o 0.51 25.0
96/11/12 0.746 34.1o 146o 0.065 3.8
98/03/30 0.693 41.8o 317o 1.00 62.3
84/12/12 0.681 31.1o 74o 0.93 49.5
93/06/12 0.649 22.7o 44o 0.915 47.0
98/10/27 0.611 11.5o 37o 0.795 40.1
86/10/23 0.622 30.3o 231o 0.48 20.8
99/10/20 0.619 33.5o 154o 0.00 1.0
91/05/31 0.553 37.5o 343o 0.935 50.2
92/08/01 0.550 27.6o 328o 0.925 46.1
98/04/04 0.535 30.2o 38o 0.855 41.7
96/10/06 0.568 22.o 327o 0.85 43.2
91/04/03 0.509 30.1o 291o 0.725 32.9
86/01/05 0.547 27.1o 94o 0.375 14.9
95/10/29 0.507 28.2o 243o 0.295 12.8
95/04/04 0.579 11.3o 115o 0.265 9.7
89/03/14 0.527 5.2o 257o 0.245 10.4
92/02/01 0.553 19.6o 203o 0.005 2.8
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Figure 3: The probability P for conversion of photons with energies 2 1020 eV, 1020 eV,
and 5  1019 eV, arriving to the AGASA array from dierent directions dened by the
zenith Z and azimuth A angles. The probability is P < 1 inside the region marked by
the full curve, P < 0.75 (dot-dot-dot-dashed), P < 0.5 (dashed), P < 0.1 (dotted), and
P = 0. (dot-dashed). The crosses mark the arrival directions of the AGASA events with
energies > 1020 eV. 10
Figure 4: Probability (N/log(R/RZ))) of the rst interaction of photons with param-
eters of some AGASA events (2.13  1020 eV - full histogram, 1.5  1020 eV - dotted,
1.2  1020 eV - dot-dashed, 1.04  1020 eV - dot-dot-dot-dashed, and 1.01  1020 eV -
dashed) as a function of distance from the surface of the Earth measured in units of the
Earth’s radius RZ . The histograms are averaged over 10
4 simulated primary photons.
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Figure 5: Average energy distributions of secondary photons (full histograms), which
arrive to the Earth’s atmosphere, produced by primary photons with parameters of the
AGASA events with energies > 1020 eV (for other parameters see Table 1). The dotted
and dashed histograms show the cases with the smallest and largest numbers of secondary
photons selected from 200 simulated primary photons.
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Figure 6: Energy distributions of secondary photons (full histograms) produced by pri-
mary photons with parameters of the AGASA events 93/12/03, Eγ = 2.13 1020 eV (on
the left), and 96/01/11, Eγ = 1.44 1020 eV (on the right), averaged over 200 simulated
primary photons. The dashed and dotted histograms show the cases with the arrival
directions of these events but reduced energies by a factor of 2 and 3, respectively.
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